We report here the characterization of the first agmatine/cadaverine aminopropyl transferase (ACAPT), the enzyme responsible for polyamine biosynthesis from an archaeon. The gene PF0127 encoding ACAPT in the hyperthermophile Pyrococcus furiosus was cloned and expressed in Escherichia coli, and the recombinant protein was purified to homogeneity. P. furiosus ACAPT is a homodimer of 65 kDa. The broad substrate specificity of the enzyme toward the amine acceptors is unique, as agmatine, 1,3-diaminopropane, putrescine, cadaverine, and sym-nor-spermidine all serve as substrates. While maximal catalytic activity was observed with cadaverine, agmatine was the preferred substrate on the basis of the k cat /K m value. P. furiosus ACAPT is thermoactive and thermostable with an apparent melting temperature of 108°C that increases to 112°C in the presence of cadaverine. Limited proteolysis indicated that the only proteolytic cleavage site is localized in the C-terminal region and that the C-terminal peptide is not necessary for the integrity of the active site. The crystal structure of the enzyme determined to 1.8-Å resolution confirmed its dimeric nature and provided insight into the proteolytic analyses as well as into mechanisms of thermal stability. Analysis of the polyamine content of P. furiosus showed that spermidine, cadaverine, and sym-nor-spermidine are the major components, with small amounts of sym-nor-spermine and N-(3-aminopropyl)cadaverine (APC). This is the first report in Archaea of an unusual polyamine APC that is proposed to play a role in stress adaptation.
Propylamine transferases represent a class of enzymes catalyzing the transfer of a propylamine group from S-adenosyl-(5Ј)-3-methylthiopropylamine (decarboxy-AdoMet) to various amine acceptors (7, 39, 48, 60) , according to the following reaction: decarboxy-AdoMet ϩ polyamine substrate 3 5Ј-methylthioadenosine ϩ polyamine product. The reaction involves a nucleophilic attack on the C-3 methylene of the propylamine moiety adjacent to the positively charged sulfur of decarboxy-AdoMet (7, 39, 48, 60) .
In 1958, Tabor et al. (49) provided the first evidence that decarboxy-AdoMet is the donor of aminopropyl groups in the biosynthesis of spermidine in cell extracts of Escherichia coli. The enzyme catalyzing this reaction was subsequently purified to homogeneity by Bowman et al. (4) . The development of rapid and sensitive methods of polyamine analysis, together with the utilization of affinity chromatography, allowed the purification to homogeneity and a complete characterization of spermine and spermidine synthases from bovine brain (36) and rat ventral prostate (41) , respectively. Moreover, a propylamine transferase with unusual molecular and kinetic properties has been purified to homogeneity from Sulfolobus solfataricus (S. solfataricus aminopropyl transferase [APT] ), an extreme thermophilic archaeon (8) . Recently, recombinant forms of the spermidine synthases of the extremely thermophilic bacterium Thermotoga maritima (T. maritima PAPT) (28) and of the human malaria parasite Plasmodium falciparum (PfSpdS) (18) have been characterized. Crystal structures in the absence and in the presence of the transition state analog S-adenosyl-1,8-diamino-3-thiooctane (AdoDATO) have been obtained for T. maritima PAPT (28) .
Putrescine, spermidine, and spermine represent the major components of the polyamine pool of many organisms, where they are involved mainly in important cellular processes mostly related to the biosynthesis of proteins and nucleic acids (31, 37, 47, 48, 52) . However, a variety of unusual polyamines, such as longer linear and branched polyamines, have been found in various thermophiles belonging to both Bacteria and Archaea (27, 34) . The observation that the cellular content of these unusual polyamines increases with increasing growth temperature (34) suggests that they play a role in maintaining the cellular functions at high temperature.
The polyamine pool of the hyperthermophilic archaeon S. solfataricus is indeed characterized by two unusual polyamines, sym-nor-spermidine and sym-nor-spermine (12, 13) . The peculiar carbon chain lengths and charge distributions of these symmetrical polycations could facilitate specific interactions with nucleic acids, resulting in a protection of DNA against thermal denaturation. The observation that sym-nor-spermine increases the melting temperature (T m ) of DNA from Aerobacter aerogenes and from calf thymus (44) supports this hypothesis. Similarly, the thermophilic bacterium Thermus thermophilus produces unusual long-chain linear polyamines, such as caldopentamine and caldohexamine, that are effective in stabilizing DNA and branched polyamines, such as quaternary ammonium compounds, that play a role in stabilizing RNA (51) . A novel polyamine biosynthetic pathway is present in T. thermophilus in which an APT utilizes agmatine as a substrate to form N 1 -aminopropylagmatine. This is hydrolyzed by a ureohydrolase, forming spermidine (33) .
The nature of polyamines and their biosynthetic pathways in anaerobic hyperthermophilic Archaea have not been studied previously. Herein the APT from Pyrococcus furiosus, which grows optimally near 100°C, has been characterized. On the basis of its high catalytic activity with agmatine and cadaverine, the enzyme has been named P. furiosus agmatine/cadaverine APT (ACAPT). A detailed kinetic investigation has been performed in order to clarify the substrate specificity of the enzyme. In addition, the polyamine content of P. furiosus has been analyzed and measured by means of high-performance liquid chromatography (HPLC) and mass spectrometry. Finally, the three-dimensional structure of P. furiosus ACAPT has been resolved at 1.8-Å resolution, and this has been compared with the structures of homologs from thermophilic and mesophilic species of the bacterial and archaeal domains.
centrifugation for 1 h at 25,000 ϫ g, the supernatant was treated with perchloric acid to a final concentration of 0.2 N. After extraction for 1 h in an ice bath, samples were centrifuged at 25,000 ϫ g for 15 min. The pellet was washed twice with 5 ml of 0.2 N perchloric acid, and the supernatants were pooled and further extracted for 48 h with mechanical stirring and stored at Ϫ80°C until analyzed. Dansylation was performed as described previously (16) . Aliquots (200 l) of the perchloric acid sample were reacted with 4 volumes of dansyl chloride in acetone (5 mg/ml) in the presence of 100 l of a saturated solution of sodium carbonate. Excess dansyl chloride was neutralized by reaction with proline (1.8 mg/ml). The cyclohexane extract containing the dansyl derivatives was evaporated to dryness, and the residue was dissolved in 100 l acetonitrile and analyzed by HPLC as described below. Authentic polyamines were used as standards. Yields of polyamines were determined by the addition of 1,10-diaminodecane to cell homogenates as an internal standard. All measurements were done in duplicate.
Enzyme assay. P. furiosus ACAPT activity was assayed as described by Cacciapuoti et al. (8) 6 cpm/mol), 1.8 mol of cadaverine (9 mM final concentration), and the enzyme protein in a final volume of 200 l. The incubation was performed in sealed glass vials for 10 min at 70°C, except where indicated otherwise. The vials were rapidly cooled in ice, and the reaction was stopped by the addition of 800 l of HCl at 0.1 N. The mixture was then applied to a cellulose phosphate column (0.6 by 2 cm; Sigma) equilibrated in HCl at 0.1 N. [methyl-
14 C]MTA produced was eluted with 5 ml of HCl at 0.1 N directly into scintillation vials and evaluated for radioactivity. Control experiments in the absence of the enzyme were performed in order to correct for decarboxy-AdoMet hydrolysis. When the assays were carried out at temperatures above 70°C, the reaction mixture was preincubated for 2 min without the enzyme, which was added immediately before starting the reaction. In all of the kinetic and purification studies, the amounts of protein were adjusted so that no more than 10% of the substrate was converted to product and the reaction rate was strictly linear as a function of time and protein concentration.
To identify the polyamine produced by the reaction, an alternative enzymatic assay was developed. The method involves HPLC analysis of the polyamines derivatized with dansyl chloride. After a 10-min incubation at 70°C, the reaction was stopped by the addition of 100 l of 0.2 N perchloric acid. After centrifugation, the samples were derivatized and analyzed by HPLC. Separation of dansyl polyamines was carried out by reverse-phase HPLC on a 4.6-by-250-mm Ultrasphere ODS (5-m-particle-size) column (Beckman) using an Agilent 1100 series chromatograph. The derivatives were eluted by a linear gradient, from 30 to 100% in 20 min, of solvent B (acetonitrile) in solvent A (0.02% aqueous trifluoroacetic acid) at a flow rate of 1 ml/min. Fluorescence intensity (excitation at 320 nm and emission at 500 nm) was detected with a fluorimeter (Agilent Technologies).
Mass spectrometric analysis. Mass spectrometry analysis of individual HPLC polyamine peaks was performed at CEINGE (Naples, Italy) by matrix-assisted laser desorption ionization mass spectrometry on a Voyager DE-Pro mass spectrometer (Applied Biosystems, Foster City, CA) equipped with a reflectron analyzer and used in delayed extraction mode. Samples were mixed with an equal volume of a saturated solution of ␣-cyano-4-hydroxycinnaminic acid (10 mg/ml) in acetonitrile-0.2% trifluoroacetic acid, 70:30 (vol/vol), and applied to the metallic sample plate before air drying. Mass calibration was performed by using the standard mixture provided by the manufacturer.
Cloning, expression, and purification of P. furiosus ACAPT. The putative P. furiosus ACAPT gene (GenBank accession number AE010139) from P. furiosus was cloned into the pET-22b(ϩ) expression vector via two engineered restriction sites (NdeI and BamHI) introduced by PCR with the following primers: 5Ј-GA AGGTGGCGAGCATATGGAGAGGG-3Ј sense and 5Ј-GACAAAAAGCAT GGATCCAGTATTATGG-3Ј antisense (the introduced restriction sites are underlined). Genomic DNA from P. furiosus (20 ng) was used as a template. PCR amplification was performed with P. furiosus DNA polymerase and a Minicycler gradient (Eppendorf) programmed for 30 cycles, each cycle consisting of denaturation at 95°C for 1 min, annealing at 58°C for 2 min, and extension at 68°C for 2.5 min plus 5 s/cycle. The amplified gene (25 ng) hydrolyzed by NdeI and BamHI was inserted into pET-22b(ϩ) (150 ng) cut with the same restriction enzymes. The recombinant plasmid was named pET-PfACAPT. The nucleotide sequence of the inserted gene was determined by MWG Biotech (Ebersberg, Germany) to ensure that no mutations were present.
For the expression of recombinant P. furiosus ACAPT, an overnight culture of E. coli BL21(DE3) transformed with the plasmid pET-PfACAPT was used as a 0.5% inoculum in 1 liter of Luria-Bertani (40) medium containing 100 g/ml ampicillin at 37°C. When the culture reached an optical density of 1.0, IPTG was added at a 1 mM final concentration, and the induction was prolonged for 3 h. Cells were harvested by centrifugation and lysed (40) . The cell debris was removed by centrifugation at 20,000 ϫ g for 60 min at 4°C, and the supernatant was used as a cell extract. Recombinant P. furiosus ACAPT was purified in two steps. The extract from BL21 E. coli cells expressing P. furiosus ACAPT was heated at 100°C for 10 min and centrifuged at 20,000 ϫ g for 60 min. After dialysis overnight against 10 mM Tris-HCl, pH 7.4, the enzyme was applied to an affinity column (2 by 12 cm) of MTA-Sepharose prepared as described by Cacciapuoti et al. (6) . The column, equilibrated with 20 mM Tris-HCl, pH 7.4, was washed stepwise with 50 ml of the equilibration buffer and then with the same buffer containing 0.8 M NaCl until the absorbance at 280 nm reached the baseline. P. furiosus ACAPT activity was eluted with 20 mM Tris-HCl, pH 7.4, containing 0.8 M NaCl and 3 mM MTA. Active fractions were pooled, concentrated, and dialyzed extensively against 10 mM Tris-HCl, pH 7.4.
The recombinant form of P. furiosus ACAPT containing an N-terminal hexaHis tag (AHHHHHHGSERA-instead of MERA-) was used for crystallographic analyses. This was produced using the expression plasmid pET24d Bam with E. coli strain BL21 Star DE3 pRIL as the host. The recombinant protein was purified according to the high-throughput protocols established for P. furiosus protein production (45) . In brief, cells from a 1-liter culture were heated at 80°C for 30 min to precipitate E. coli proteins, cooled to 4°C, and then clarified by centrifugation (40,000 ϫ g). The supernatant was applied to a column (5 ml) of Histrap Ni affinity resin using an AKTA explorer (GE Healthcare, Piscataway, NJ). After applying the cell extract, the column was washed with 5 column volumes of 20 mM phosphate buffer, pH 7.0, containing 500 mM NaCl, 10 mM imidazole, 5% (vol/vol) glycerol, and 2 mM dithiothreitol. The absorbed protein was eluted with a gradient of 0 to 500 mM imidazole over 20 column volumes. The major protein peak was collected and concentrated to 10 ml by ultrafiltration (Millipore, Bedford, MA), diluted 15-fold in 20 mM Tris buffer, pH 8.0, containing 5% (vol/vol) glycerol and 2 mM dithiothreitol, and then applied to a column (5 ml) of Q Sepharose (GE Healthcare). The column was washed with 5 column volumes of the same buffer, and the bound protein was eluted with a 0 to 1 M NaCl gradient over 20 column volumes. The major protein was concentrated to 5 ml and applied to a 16/60 column of Superdex 75 (GE Healthcare) equilibrated with the same Tris buffer. The major protein peak was collected and concentrated to a volume of 1 ml by ultrafiltration. The protein concentration was estimated by the absorption at 280 nm using a calculated extinction coefficient. The yield from 1 liter of E. coli cells was 15 mg. Protein identity was confirmed by tryptic digestion of the excised band and analysis by matrix-assisted laser desorption ionization-time of flight mass spectrometry. Protein mass was determined by electrospray ionization mass spectrometry at the Department of Chemistry, University of Georgia (calculated, 33,241; measured, 33,262).
Crystallography. Samples of P. furiosus ACAPT were screened against components of nine commercially available screening kits (Crystal Screens 1, 2, Cryo, Membfac, and Peg/Ion [Hampton Research], Wizard Screens 1 and 2 [Decode Genetics], and Classic Screens 1 and 2 [Nextal Biotechnologies]) by sitting drop vapor diffusion as described previously (29) . Each 200-nl drop contained equal volumes of protein (12 mg/ml in 20 mM Tris-100 mM NaCl, pH 8.0) and precipitate solution. Crystal hits from the initial screen were optimized using the modified microbatch under oil (70:30 paraffin/silicone oil mixture) method (9) . Using this approach, crystals suitable for X-ray diffraction were obtained in 2 weeks from 2-l drops containing equal volumes of protein solution (as described above) and a precipitate solution containing 100 mM HEPES-NaOH, pH 7.5, in 28% (vol/vol) polyethylene glycol-400. For data collection, a crystal measuring 0.2 by 0.2 by 0.2 mm was harvested, mounted in a 0.3-mm rayon loop (50) , and flash frozen in liquid N 2 . No cryoprotection was necessary. Data were collected under cryogenic conditions (T ϭ 100 K) on a Raxis IV image plate detector using mirror-focused (MSC Blue confocal optics) 5-kW X rays. The data were indexed, integrated, and scaled using HKL 1.9.7 (35) . Data collection and processing details are collected in Table 1 . The P. furiosus ACAPT structure was solved by molecular replacement (EPMR) (26) using the recently reported structure of the T. maritima homologue (entry 1INL in the Protein Data Bank [2] ). The resulting model was refined against data to 1.8-Å resolution using REFMAC V5.1.24 (32) with manual model adjustment using XFIT (30) when needed. Refinement statistics are summarized in Table 1 .
Analytical methods for protein. Protein concentrations were estimated by the Bradford method (5) using bovine serum albumin as the standard. The molecular mass of the native protein was determined by gel filtration at 20°C on a calibrated Sephacryl S-100 column (2.2 by 95 cm) equilibrated with 10 mM Tris-HCl, pH 7.4, containing 0.3 M NaCl at a flow rate of 4 ml/h. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was carried out at room temperature (56) using 12.5 or 15% acrylamide resolving gel and 5% acrylamide stacking gel. Samples were heated at 100°C for 5 min in 2% SDS and 2% 2-mercaptoethanol prior to electrophoresis. Protein homogeneity was assessed by SDS-PAGE. N-terminal sequence analysis of the purified enzyme was performed by Edman degradation on an Applied Biosystems 473A sequencer according to the manufacturer's instructions. The sample was subjected to SDS-PAGE and electroblotted on a PVDF membrane prior to analysis.
Thermostability studies. The thermostability of P. furiosus ACAPT was studied by incubating the enzyme (40 g) in 20 mM Tris-HCl, pH 7.4, in sealed glass vials at temperatures between 70°C and 115°C in an oil bath. Samples (2 g) were taken at time intervals and residual activity was determined by the standard assay at 70°C. Activity values are expressed as a percentage of zero-time control (100%).
Multiple sequence alignment. Protein similarity searches were performed using the data from Swiss-Prot and Protein Identification Resource (PIR) data banks. The multiple alignment was constructed using the Clustal method (20) and BioEdit software.
Determination of kinetic constants. Homogeneous preparation of P. furiosus ACAPT was used for kinetic studies. The purified enzyme gives a linear rate of reaction for at least 15 min at 70°C; thus, an incubation time of 10 min was employed for kinetic experiments. All enzyme reactions were performed in triplicate. Kinetic parameters were determined from Eadie-Hofstee plots of initial velocity data. K m and V max values were obtained from linear regression analysis of data fitted to the Eadie-Hofstee equation. Values given are the averages from at least three experiments with standard errors. The k cat values were calculated by dividing V max by the total enzyme concentration. Calculations of k cat were based on an enzyme molecular mass of 65 kDa.
Limited proteolysis experiments. Limited proteolysis experiments were carried out by incubating recombinant P. furiosus ACAPT with proteinase K. Enzymatic digestion was performed in 10 mM Tris-HCl, pH 7.4, at 37°C. The final mass ratio of substrate protein to protease was 10:1. Hydrolysis was stopped by the addition of phenylmethylsulfonyl fluoride (final concentration, 250 M), and 
RESULTS AND DISCUSSION
Primary sequence comparisons. In the complete genome sequence of P. furiosus, the gene PF0127 is annotated as a probable spermidine synthase gene. Based on the substrate specificity of the recombinant enzyme determined in this work, it is now designated as P. furiosus ACAPT. From the gene sequence, P. furiosus ACAPT is predicted to contain 281 residues, with a molecular mass of 32,334 Da. N-terminal sequencing of the recombinant protein (see below) showed that the N-terminal methionine is not posttranslationally removed in E. coli. Comparison of its primary structure with those of enzymes present in the GenBank database indicated the highest identity with the hypothetical spermidine synthases from Pyrococcus horikoshi (75%), Pyrococcus abyssi (75%), and Thermococcus kodarensis (67%). Among characterized enzymes, P. furiosus ACAPT shows a moderate degree of identity with the amino acid sequences of Homo sapiens spermidine synthase (HsSpdS) (33%), E. coli spermidine synthase (E. coli SpdS) (35%), T. maritima PAPT (35%), S. solfataricus APT (34%), and PfSpdS (34%) (see Table 2 ). Like the homologous archaeal propylamine transferase from S. solfataricus, P. furiosus ACAPT does not contain cysteinyl residues. This feature is in contrast to that observed for eukaryal and bacterial enzymes. In fact, 11 cysteinyl residues are present in PfSpdS, 3 in T. maritima PAPT, and 6 in E. coli SpdS. Moreover, 10 cysteine residues have been found in mammalian spermidine synthase, and it has been suggested that the disulfide bond between the two C25 residues in the monomers occurs during formation of the dimer (17) .
DNA microarray analyses. An indication of the physiological role of ACAPT comes from transcriptional profiling of P. furiosus grown using different carbon sources and in response to cold shock (95 versus 72°C) using DNA microarrays (43, 57) . The results show that PF0127 is expressed at moderate levels in cells grown at 95°C using a disaccharide (maltose) as a carbon source and that this is unaffected compared with cells grown where peptides are the carbon source (at 95°C) or when cells are grown (on maltose) at 72°C. Similarly, there was no change in expression when cells growing at 95°C (on maltose) were transferred to 72°C (at least up to 5 h after the change). Consequently, polyamine production mediated by ACAPT occurs near the optimal growth temperature, but the enzyme does not appear to play a significant role in adaptation to low-temperature growth (72°C). Studies are currently under way to determine if the expression of PF0127 is affected by temperatures higher than 95°C or by oxidative shock of P. furiosus.
Biochemical characterization of recombinant P. furiosus ACAPT. Recombinant ACAPT was produced in a soluble form in E. coli BL21 cells harboring the plasmid pET-PfACAPT at 37°C in the presence of IPTG. Under the experimental conditions selected for the expression of the recombinant gene, about 10 g (wet weight) of cell paste was obtained from 1 liter of culture. SDS-PAGE analysis of extract from induced cells revealed an additional band of approximately 32 kDa, which corresponded with the calculated molecular mass. This band was absent in extracts of E. coli BL21 carrying the plasmid without the insert (data not shown). The ACAPT activity of recombinant E. coli BL21 cell extract was 9.9 units/mg at 70°C, confirming that the P. furiosus ACAPT gene had been cloned and expressed. Recombinant ACAPT was purified to homogeneity 24.4-fold by a simple two-step purification procedure involving heat treatment and affinity chromatography on MTA-Sepharose. About 3.4 mg of the recombinant enzyme with a 39% yield was obtained from 1 liter of culture. The enzyme had an apparent molecular mass of 65 kDa as estimated by gel filtration on a calibrated Sephacryl S-100 column and a subunit molecular mass of 32.6 kDa by SDS-PAGE. These results indicate that ACAPT is a homodimeric protein, in agreement with the reported structures of ACAPT orthologs from E. coli (4), rat (41), bovine species (36), and human (17) . In contrast, the homologous enzymes from hyperthermophilic sources are not dimeric: that from S. solfataricus is a trimer (8) and that from T. maritima is a tetramer in the crystal and in solution (28) . The more complex quaternary structures for the latter two hyperthermophilic enzymes could represent a stabi- lization strategy to enhance interactions among subunits and reduce the solvent-accessible surface, thus increasing thermal stability. However, these preliminary data indicate that this is not the strategy used by the P. furiosus enzyme, and as discussed below, crystallographic analyses confirm this. Substrate specificity and polyamine determination. The substrate specificity of P. furiosus ACAPT was determined using various amines as propylamine acceptors. As shown in Table 3 , ACAPT was by far the most active (by more than 12-fold) with cadaverine as the substrate. This was surprising, since cadaverine is a very poor substrate for all other APTs characterized so far. To identify the cadaverine derivative formed when ACAPT was incubated with cadaverine and decarboxy-AdoMet, the reaction mixture was subjected to reverse-phase HPLC after derivatization with dansyl chloride. The peak corresponding to the polyamine product was analyzed by mass spectrometry and identified as tridansyl-N-(3-aminopropyl)cadaverine (APC) (858.2 atomic mass units).
The highly efficient in vitro synthesis of APC by ACAPT prompted us to analyze the polyamine pool of P. furiosus and to see if the presence of cadaverine and its derivatives could be detected. The method employed for the separation and analysis of polyamines, which couples reversed-phase HPLC and mass spectrometry, allows a rapid and unambiguous determination of these polycations in the cell extract. Table 4 shows the polyamine concentrations in P. furiosus and the retention times and molecular masses of dansyl polyamines. Spermidine, sym-nor-spermidine, and cadaverine are the major components of the polyamine pool of this hyperthermophilic archaeon, followed by sym-nor-spermine and putrescine, while 1,3-diaminopropane and spermine were beyond detection. The presence of APC was also detected in cell extract (Table 4) , although in the absence of an authentic polyamine standard, its concentration was estimated using spermidine as a standard.
The overall polyamine content of P. furiosus is of the same order of magnitude as other hyperthermophilic Archaea (19, 23) . Moreover, the presence of cadaverine and APC in cell extract of P. furiosus is unusual and indicates that cadaverine can act as a propylamine acceptor from decarboxy-AdoMet in the synthesis of APC. It is interesting to note that APC was identified in a polyamine-requiring mutant of E. coli, grown in the absence of polyamines (14) . Higher homologs of cadaverine, such as APC, were also synthesized as a compensatory polyamine by E. coli polyamine-requiring mutants (24) . It has also been demonstrated that starvation of the polyamine-dependent Chinese hamster ovary cells resulted in the formation of cadaverine and its aminopropyl derivatives (22) . Moreover, formation of cadaverine derivatives has been demonstrated in Saccharomyces cerevisiae exposed to ethanol (54) . Finally, the thermotolerant mesophilic fungus Aspergillus fumigatus and S. cerevisiae synthesize higher homologues of cadaverine under conditions of thermal stress (53, 55) . The presence of these unusual polyamines under several stress conditions suggests that in P. furiosus, cadaverine and APC, like symmetrical, longer, and branched polyamines in other Archaea, could play a role in the high-temperature adaptation or could represent a molecular response to the oxidative or chemical stress.
Kinetic characterization. The small amounts of APC and the much higher levels of spermidine measured in P. furiosus cells seem to be in contrast with the activity of ACAPT towards cadaverine that is an order of magnitude higher than that towards putrescine and agmatine observed in vitro (Table 3) . Therefore, a detailed kinetic characterization of ACAPT was performed in order to assess whether P. furiosus is able to synthesize spermidine from agmatine using the novel biosynthetic pathway described in the thermophilic bacterium T. thermophilus (33) . The K m and V max values for 1,3-diaminopropane, putrescine, agmatine, and cadaverine were measured in the presence of saturating concentrations of decarboxyAdoMet (Fig. 1) . The affinity of P. furiosus ACAPT for decarboxy-AdoMet (K m , 20 M) is similar to that measured for P. falciparum spermidine synthase (K m , 35 M) (18) but lower than that of corresponding enzymes from S. solfataricus (K m , 7.9 M) (8), E. coli (K m , 2.2 M) (4), and rat prostate (K m , 1.1 M) (41) .
The V max values with putrescine, 1,3-diaminopropane (Fig.  1a) , and agmatine (Fig. 1c) are comparable and about 20-fold less than that observed with cadaverine (Fig. 1b) . However, the enzyme has an extremely high affinity for agmatine (Fig. 1c and Table 5 ), where the K m value (7.6 M) is about three orders of magnitude lower than that measured with putrescine (K m ϭ 7,703 M) or cadaverine (K m ϭ 3,767 M). The enzyme's higher affinity for agmatine can be explained in part by the PF0127 crystal structure, which shows that agmatine can be easily accommodated in the binding site pocket and that several additional hydrogen bonds (compared to putrescine or cadaverine) can be formed between the agmatine amidine group and residues Glu7, Tyr9, Val51, and Asp162 (data not shown). Consequently, the k cat /K m value for agmatine is about 600-fold higher than that for putrescine, indicating that, in analogy with T. thermophilus, P. furiosus utilizes agmatine, not putrescine, to synthesize spermidine. The presence of putrescine in P. furiosus cells (Table 4) suggests that, at least under the particular growth conditions that were used, this polyamine could function as an aminopropyl acceptor. Moreover, the k cat /K m value for agmatine is also about 20-fold higher than it is for cadaverine (Table 5) , in further support of agmatine as a relevant substrate in vivo. We hypothesize that agmatine is the physiological substrate of P. furiosus ACAPT in the constitutive synthesis of spermidine, while cadaverine acts as an aminopropyl acceptor under stress conditions when an active and rapid synthesis of APC could be required.
On the basis of these results, ACAPT shows a unique substrate specificity. It recognizes propylamine acceptor amines with a variable aliphatic spacer between the primary amino groups. Moreover, the ability to utilize both agmatine and cadaverine as substrates makes P. furiosus ACAPT very different from the homologous archaeal propylamine transferase from S. solfataricus (8) . The Sulfolobus enzyme is regarded as having a broad substrate specificity, as it can transfer the propylamine group from decarboxy-AdoMet to a primary amino group linked to a trimethylenic as well as to a tetramethylenic chain. However, the S. solfataricus enzyme is almost inactive with cadaverine, in stark contrast to P. furiosus ACAPT.
Thermal properties and limited proteolysis. The temperature dependence of the activity of ACAPT in the range from 40°C to 105°C is shown in Fig. 2a . The enzyme is highly thermophilic; its activity increased sharply up to the optimal temperature of 90°C, and a 50% activity was still observable at 103°C. This behavior led to a discontinuity in the Arrhenius plot at about 78°C, with two different activation energies. This result suggests that conformational changes in the protein structure occur near this temperature, resulting in enzymatic forms characterized by different catalytic properties. Two forms were also observed with S. solfataricus APT, whose stability toward denaturation is characterized by a specific temperature dependence (15) .
The stability of ACAPT with respect to reversible denaturation was investigated by carrying out short-time kinetic studies of thermal denaturation. The diagram of the residual activity after 5 min of preincubation as a function of temperature (Fig. 2b) is characterized by a sharp transition. From the cor- 
1, responding plot (see inset), the transition temperature (apparent T m ) is 108°C. To evaluate the possible stabilizing effect of the substrate, the melting temperature was measured in the presence of 5 mM cadaverine. As shown in Fig. 2b , this polyamine exerts a protection toward temperature inactivation, causing an increase of the apparent T m to 112°C (see inset). This result indicates that the binding of cadaverine raises the conformational stability of the enzyme, thus reducing its susceptibility to thermal denaturation.
To obtain information about the flexible regions of the protein exposed to the solvent and susceptible to proteolytic attack, ACAPT was subjected to limited proteolysis. The results of the time course analysis for the hydrolysis of the enzyme with proteinase K followed by SDS-PAGE analysis demonstrate that during the proteolytic process, the catalytic activity remains unchanged while a protein band with an apparent molecular mass of about 10 kDa less than that of ACAPT is observable (data not shown). Analysis by Edman degradation of the proteolytic fragment showed that the N terminus was preserved, thus the cleavage site is localized in the C-terminal region, and that the C-terminal peptide is not necessary for the integrity of the active site. When the experiment was carried out in the presence of cadaverine, the proteolytic pattern remained almost unchanged, indicating that this substrate is not able to stabilize the enzyme against the protease. Figure 3 shows the sequence alignment of P. furiosus ACAPT with the homologous enzymes characterized from various sources. As indicated, the amino acid residues at the active site of T. maritima PAPT, involved in the binding with transition state analog AdoDATO (28) , are well conserved in P. furiosus ACAPT with few substitutions. It is interesting to note that Tyr239 and Trp244 at the C terminus of T. maritima PAPT are conserved positions in P. furiosus ACAPT. Nevertheless, the loss of the C-terminal peptide fragment does not affect the catalytic activity of P. furiosus ACAPT, suggesting a different structural environment in the active site of the two enzymes at the level of the polyamine pocket. Moreover, the observation that cadaverine is a very poor substrate for T. maritima PAPT with a maximal rate of 4.6% of that of putrescine (28) and is not a substrate for S. solfataricus APT (9) clearly indicates that the length of the aliphatic spacer between the primary amino groups is critical for polyamine recognition and could prevent precise positioning of the substrate for the reaction.
Structure of P. furiosus ACAPT. The structure of ACAPT was determined at 1.8-Å resolution by molecular replacement. In accordance with the biochemical analyses, the enzyme exists as a homodimer with dimensions of 78 by 47 by 38 Å (Fig. 4a) and a molecular mass of 64.6 kDa. The two molecules in the biologically active dimer exhibit disordered N-and C-terminal regions (residues 1 to 4 and 280 to 281) as well as a five-residue disordered loop (residues 164 to 168). In addition, residues 147 to 148 of the B subunit of the dimer are not observed in the electron density. The refined model (4,527 atoms) includes 201 solvent molecules modeled as water and has an R value of 20.70% (Rfree of 24.20%) and excellent stereochemistry as determined by MOLPROBITY (1, 10) . Figure 4b illustrates the quality of the 1.8-Å Fo-Fc omit electron density map (residues 200 to 212 were omitted from the REFMAC refinement).
The ACAPT monomer (Fig. 4c) shares the two-domain APT architecture observed in related enzyme structures with a mostly ␤ N-terminal domain (residues 3 to 54) and a larger C-terminal catalytic domain (residues 56 to 279) that resembles the Rossmann fold found in a number of nucleotide-and dinucleotide-binding proteins and in S-adenosyl-L-methionine- jb.asm.org dependent methyltransferases. The overall ACAPT structure is similar to the structures reported for homologs from the hyperthermophilic bacterium T. maritima (1INL, 1JQ3) (28), the moderately thermophilic bacterium Thermus thermophilus (1UIR), the mesophilic bacterium Bacillus subtilis (1IY9), and the eukaryotes Arabidopsis thaliana (1XJ5) and human (1ZDZ). Superposition (38) of the PF0127 structure (monomer) with the above-mentioned structures gives root mean square deviations (C␣ atoms) ranging from 1.42 to 1.72 Å ( Table 2 ). The P. furiosus ACAPT structure was found to contain an additional helix (residues 123 to 130), denoted helix C' in Fig. 4c , which links helix C to ␤ strand 9. This region showed partial helix structure in the other hyperthermophilic homolog T. maritima PAPT (1INL), possibly suggesting a role in thermal stabilization. The PAPT family signature sequence (residues Val79 to Glu92) (21) spans the end of ␤ strand 7 extending into helix B, similar to that found in related enzymes. As proposed above, the active-site geometry is similar to that observed in the T. maritima PAPT structure (1INL, A chain) used as the model in the molecular replacement calculations, with the "gatekeeper loop" (residues 155 to 164) also adopting a partial open configuration. Superposition of the active-site residues (Gln31, Leu47, Gln52, Tyr61, His62, Gly83, Gly84, Asp86, Glu105, Ile106, Asp142, Asp159, Ser160, Thr161, Asp162, Pro166, Leu170, Tyr227, and Trp231) (Fig. 3) for the two structures gives a root mean square deviation (C␣ atoms) of 0.546 Å (Fig. 4d) . Consequently, insight into what determines the differences in substrate specificities of T. maritima PAPT (for putrescine) and P. furiosus ACAPT, and the relative activities of ACAPT for its proposed physiological substrates (agmatine and cadaverine), was not apparent. Such information will require structures of ACAPT with substrate analogs, and such studies are planned. The subunits in the P. furiosus ACAPT dimer are related by a pseudo twofold axis and show similar conformations. Superposition of the A and B chains of the dimer gives a root mean square deviation (C␣ atoms) of 0.354 Å. The dimer interface occupies ϳ1,741 Å 2 (ϳ14.8%) of the monomer surface and contains 34 solvent molecules. The interface is stabilized by 19 intermolecular hydrogen bonds and 23 bridging water molecules. The intermolecular contacts occur mainly between residues in ␤2, ␤12, ␣H, ␣I, the loop connecting ␤11 and ␣F, and the loop connecting ␣G with ␣H.
The structure of P. furiosus ACAPT was analyzed in terms of the results obtained from limited proteolysis of the protein, which showed a loss of a 10-kDa C-terminal fragment. Based on the proteolysis data, the cleavage point should lie in the loop between ␤ strand 11 and helix F (residues Ser195, Val196, Tyr197, Leu198, and Phe199), which is exposed to solvent. In addition, according to the structure in Fig. 4d , the loss of the C-terminal fragment should have only minimal impact on the substrate binding, since only two residues, Tyr227 and Trp231, which do not have direct interaction with the substrate, are lost.
The structure of ACAPT was also used to investigate features of the protein that may contribute to its thermostability. A comparison was made between P. furiosus ACAPT and six related structures from the Protein Data Bank (entries 1INL, 1UIR, 1IY9, 1XJ5, 2B2C, and 1ZDZ) ( Table 6 ). The comparison focused on structural features common to thermophilic proteins (46) , such as average loop length, the number of intramolecular hydrogen bonds, the number of intramolecular ionic or polar interactions, the molecular-and solvent-accessible surface area, and the number and size of internal cavities. Since the enzyme exists as a homodimer, additional criteria relating to the dimer interface (size, shape, intersubunit hydrogen bonds and salt bridges, and bridging solvent molecules) were also evaluated ( Table 6) .
Three of the seven structures that were studied were from thermophilic organisms (Pyrococcus furiosus, 1MJF; Thermotoga maritima, 1INL; and Thermus thermophilus, 1UIR), while the others were from bacteria (Bacillus subtilis, 1IY9), plant (Arabidopsis thaliana, 1XJ5), worm (Caenorhabditis elegans, 2B2C), and human (1ZDZ). In general, enzymes from the nonthermophilic organisms had somewhat longer loops, more internal pockets (3), and fewer intermolecular salt bridges (25) stabilizing the dimer interface. The enzymes from the thermophiles had, on average, slightly more intramolecular hydrogen , residues Q31, L47, Q52,  Y61, H62, G83, G84, D86, E105, I106, D142, D159 , S160, T161, D162, P166, L170, Y227, and W231) with the T. maritima PAPT binding pocket (green, residues Q46, L62, M67, Y76, H77, G98, G99, D101, E121, V122, N152, D170, S171, T172, D173, Q178, L182, Y239, and W244) and bound substrate analogue (black) superimposed. Starred residues Tyr227 and Trp231 are lost upon proteolysis.
VOL. 189, 2007 ACAPT AND POLYAMINE BIOSYNTHESIS IN P. FURIOSUS 6065
at BEIJING ZHONGKE I/E COMPANY on December 26, 2007 jb.asm.org bonds and salt bridges than their mesophilic counterparts. Within the thermophilic enzymes studied, P. furiosus ACAPT should have the most thermostable structure, given that P. furiosus has the highest growth temperature by at least 20°C. Analysis of the data presented in Table 6 , however, gives no clear indication as to which of the structural factors surveyed are responsible for its high thermostability, other than the fact that the largest internal pocket (637 Å 3 ) found in ACAPT is significantly smaller than that observed for other thermophilic enzymes and that P. furiosus ACAPT has the smallest solventaccessible surface area (19,738 Å 2 ) of any of the enzymes. Since the structures used in the study share a common fold (see Table 2 ), this would suggest that ACAPT has the most compact hydrophobic core of the enzymes studied, which could explain, in part, its high thermostability. In addition, the ACAPT dimer interface, approximately 1,741 Å 2 , represents the largest interface (in terms of the percentage of total accessible surface area) of the enzymes studied. The P. furiosus ACAPT dimer interface is also stabilized by 19 intermolecular hydrogen bonds, a salt bridge, and 23 bridging water molecules. These factors should also contribute to the thermostability of the dimeric enzyme. 
